Temperature and Voltage Driven Tunable Metal-Insulator Transition in Individual 

W x Vi^ x 2 nanowires 
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Results from transport measurements in individual W X V\- X C>2 nanowires with varying extents of 
W doping are presented. An abrupt thermally driven metal-insulator transition (MIT) is observed 
in these wires and the transition temperature decreases with increasing W content at a pronounced 
rate of - (48-56) K/at.%W , suggesting a significant alteration of the phase diagram from the bulk. 
These nanowires can also be driven through a volt age- driven MIT and the temperature dependence 
of the insulator to metal and metal to insulator switchings are studied. While driving from an 
insulator to metal, the threshold voltage at which the MIT occurs follows an exponential temperature 
dependence (VrHf oc exp(~ T /T )) whereas driving from a metal to insulator, the threshold voltage 
follows Vthi oc y/Tc — T and the implications of these results are discussed. 



Strongly correlated electron materials with closely 
linked structural, electronic and spin degrees of freedom 
exhibit novel transport and magnetic properties such 
as half-metallicity, high T c superconductivity, colossal 
magnetoresistance (CMR), ferroelectricity, and metal- 
insulator transition (MIT). The understanding of and the 
control over the underlying microscopic mechanisms re- 
sponsible for these macroscopic phenomena have been 
long standing research problems. 1-3 When one or more 
dimensions of a strongly correlated material is reduced, 
several unexpected physical phenomena emerge. Re- 
cent observations of nanoscale phase separation in CMR 
oxides and in vanadium oxide films are examples of 
such correlated behavior at the nanoscale. 4,5 In this pa- 
per, we study the doping and confinement effects on 
the transport properties of a strongly correlated system, 
W x Vx- x C>2, at the nanoscale. 

Vanadium oxide (VO2), a well-known model system to 
study MIT and electron correlation over several decades, 
continues to provide many new and exciting results such 
as phase nucleation in individual nanobeams and thin 
films, multiple avalanches across the transition in con- 
fined films, and evidence for ultrafast resistance switch- 
ing at sub-picosecond timescales^r— When VO2 is heated 
to T ^340 K, it undergoes an orders-of-magnitude drop 
in electrical resistance from a high-resistance insulating 
phase (I) to a low-resistance metallic phase (M)4 This 
hysteretic MIT is also accompanied by a Peierl's type 
phase transition from a low-T monoclinical phase to a 
high-T tetragonal phase accompanied by an increase of 
symmetry and disruption of V-V dimers along the mono- 
clinic c-axis4«i Besides this thermally induced transition, 
MIT in VO2 systems can also be driven electrically, op- 
tically or by external strainiiSr— The origin of this pro- 
nounced phase transition has been attributed variously 
to Peierls instability driven by strong electron-phonon 
coupling as well as to Coulombic repulsion and electron 
localization due to electron-electron interactions that are 
described by Mott-Hubbard picture i&i 3 . - — 

Recently, considerable research has been done on un- 
derstanding the influence of finite size in altering the 



phase transition and hysteresis of V02 & 16]17 A recent 
scanning near-field IR microscopy study on thin VO2 
films clearly shows nucleation of metal-insulator domains 
around the transition T— and similar domains are also 
reported in VO2 nanobeamsi 12 ' 18 Due to the generally 
abrupt nature of the MIT, VO2 has been suggested as a 
potential candidate for Mott field-effect transistors, ther- 
mochromic window coatings and ultrafast optical shutter 
devices, infrared waveguides and modulators especially 
in reduced dimensions* 1 ^— Hence, studies of individual 
nanostructures are particularly important to understand 
single-domain phenomena when the dimensions of the 
system approach the intrinsic domain size^ ' 12 i 16 ' 18 

Our goals in this study are three-fold: (1) to under- 
stand the effect of W doping on the transport properties 
of individual, single-crystalline nanowires of VO2, (2) to 
understand the effect of finite size in influencing the MIT 
in doped nanowires and (3) to discern the similarities 
and/or differences in the microscopic transport mecha- 
nisms from metal to insulator (M— >-I) and insulator to 
metal (I— >M) transitions in these nanostructures. Sub- 
stitutional doping of both the V and O sublattices, for 
example by Cr, Mo or W, has been extensively used in 
thin films as routes for controlling the phase transition 
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In particular, doping the V sublattice 



with W is very attractive since it yields a pronounced re- 
duction in the transition T and it structurally stabilizes 
the tetragonal phasej 26 ' 28 " — 

The W X V\- X 02 nanowires in this study are synthe- 
sized by the hydrot hernial reduction of bulk V2O5 in 
the presence of small-molecule reducing agents with 
tungstic acid as the dopant precursor. Detailed de- 
scription about the synthesis and structural character- 
ization of our nanowires can be found elsewhere^ 2 - The 
W dopant composition (atomic percentage of W, x) of 
our W X V\- X 02 nanowires is found to be in the range of 
0.25-1.14% by ICP-MS analysis. The nanowires studied 
here range in length from 0.4-20 /^m and have rectangu- 
lar cross-sections with widths on the order of 400-600 nm 
and heights that show considerably greater confinement 
with dimensions between 15-100 nm. Nanowires are first 
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Figure 1: Thermally induced MIT in three representative 
nanowires with varying extents of W doping of (a) 0.62%, (b) 
0.87%, and (c) 1.14% . Arrows indicate the sweep direction 
and the vertical dashed lines represent the T c of undoped, 
bulk VO2 and room T. Inset (a): SEM image of a typical 
WxVi-xOi nanowire device. All the results presented are for 
5 fim long devices. Inset (b): ln(R) — 1000/T plot follows a 
linear behavior in the low T region showing thermally acti- 
vated behavior. 



pect of the transitions is seen in Fig. [T] Multiple discon- 
tinuous jumps in R in the lower composition nanowires 
(0.62% and 0.87%) imply that metal-insulator domains 
co-exist around the transition region as observed re- 
cently in VO2 nanostructuresJffi The observation of these 
avalanche features may suggest the intermediacy of the 
antifcrromagnetic M2 phase, which is known to be stabi- 
lized by inhomogeneous tensile strain and doping, both 
features likely being manifested in our nanowires Ad- 
ditionally, coupling of the substrate to the high-surface- 
area nanowires imposes inhomogeneous stresses along the 
nanowire growth direction, resulting in formation of peri- 
odic insulating and metallic domains that propagate and 
change in size with increasing T under the counteracting 
influences of the domain wall energy and relief of elastic 
strainJ^ Interestingly, these abrupt steps disappear when 
x increases to 1.14%. Control over these avalanches by 
W doping may also be a potentially useful feature for 
certain applications. 

Figure H^a) shows the collection of T c values as a func- 
tion of W composition (x) for several of our nanowires 
with x values ranging from 0.26-1.14%. It is clear that W 
doping in single nanowires is an effective way to reduce 
T c and we can now engineer nanowires with T c values 
between 260 and 340 K, by controlling the amount of 
W. T c decreases with increasing x and shows an ap- 
proximately linear relation with a slope in the range 
-(48-56) K/at.%W. This value is dramatically larger 
than observed previously, such as a -18.4 K/at.%W in 



nanobeams (Ref. 5 
in thin films (Ref. 



)and the -10 to -27.8 K/at.%W 
lUlll). The much more pro- 



dispersed and diluted in isopropanol by ultrasonication 
and then spun onto a Si/Si02 substrate. On top of each 
individual nanowire, Cr/Au electrodes are patterned and 
deposited by standard lithography and using an electron 
beam evaporator respectively. The inset of Fig. [D(a) 
shows one of our typical W x V\- x Oi nanowire device. In 
this work, we only present results from devices with a 
length of 5 /iin. The resistance measurements are per- 
formed using standard low frequency lock-in techniques 
and/or d.c. techniques with excitation currents of < 50 
nA. T is controlled with a sufficiently slow scanning rate 
(< 3 K/min) in each of our measurements. 

Figure. [1] shows the T dependence of resistance (i?) 
for three of our nanowires with different H^-compositions 
(x) when they are driven through the MIT. We define 
the transition temperature (T c ) to be the mid point of 
the heating cycle curve in our samples. For an undoped 
VO2 sample, T c ~ 341 K whereas increased extent of W 
doping progressively depresses T c until at x = 1.14, the 
transition regime is entirely depressed below 300 K, as 
seen in Fig. 1(c). This is important for several applica- 
tions such as energy saving window coatings that require 
room temperature operation. 21 In addition to this con- 
trolled reduction of T c with doping, another curious as- 
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Figure 2: (a) The plot of transition temperature (T c ) as func- 
tion of W composition (a;) for all of our nanowires. T c values 
are effectively reduced by W doping at ~ -(48-56) K/at.%W . 
(b) Thermal activation energy (E a ) in insulating phase as a 
function of W composition. The lines are guides to eye. 
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Figure 3: (a) Current- Voltage characteristics of a single W x Vi— x 02 (x — 1.14%) nanowire, taken at different Ts, showing the 
V-driven MIT. Color maps of the current through the sample are plotted in the V - T plane when driving the sample through 
the (b) I— >M and (c) M— kl transitions respectively. 



nounced depression of T c upon W doping observed for the 
nanowires suggests a significant alteration of the phase 
diagram from the bulk. Since nanowires can support sin- 
gle domains along their confined dimensions (the width 
and height), it is likely that substitutional TU-doping 
and concomitant nucleation of the tetragonal phase has 
a much stronger influence in the nanowires wherein do- 
mains need to propagate only in one dimension as com- 
pared to bulk or thin film samples. The MIT is hysteretic, 
as is typical of a first-order transition; the hysteresis in 
our nanowires is ~ 10 - 40 K and the hysteresis gap does 
not show any correlation with x in the range of 0.26- 
1.14%. 

Resistance of our nanowires in the low T insulating 
phase follows an Arrhenious behavior, R(T) = Rq ■ 
cxp[E a /kT}. Fitting to the Arrhenious form (see Fig. 
[IJb) inset), we extract the thermal activation energy 
(E a ) and our nanowires have values ranging from 40 
- 100 meV. Figure [21(b) summarizes the E a values for 
all our nanowires as a function of x. Interestingly, E a 
values, though somewhat scattered, has a general trend 
of increasing with x. The E a values in this study are 
lower than the 300 meV observed in the suspended VO2 
nanobeams (Ref. Ii~8h that corresponds to the intrinsic 
optical bangap of V(?2- However, our data is compara- 
ble to the 90 meV in VO2 nanobeam and the 82 meV in 
the W0.003V0.997O2 film studies (Ref. Il6ll3l"h and may be 
suggestive of more complex domain dynamics in doped 
nanobeams because of the induction of localized distor- 
tions by the substitutional dopant atoms. At low doping 
concentrations, the measured activation energies are con- 
sistent with the reported bandgap of the intermediate M2 
phased 

Having established control over the transport proper- 
ties of single nanowires of VF-doped VO2, we now turn 
our attention to our main result. As mentioned earlier, 
MIT in WxVi—xOz single-crystalline nanowires can also 



driven by applying a voltage (V) across the source-drain 
contacts of the device. V (or electric field)-driven MIT is 
extremely useful in several applications where thermal- 
driven transitions are not possible ! 19 i 20 

At T < Tc, for example in the trace taken at 225 K 
in Fig. OHa), the current increases slowly when increas- 
ing V with a slope corresponding to R in the insulating 
phase. When V reaches a threshold voltage (VriJf), the 
current (/) through the sample shows a discontinuous 
jump, indicating a I— kM transition. Beyond Vth\, all I- 
V curves show ohmic behavior. Upon reducing V in the 
low-i? metallic phase, I decreases until a second, albeit 
lower Vth\ when a second discontinuous jump marking 
the return to the insulating phase is noticed^ - — It is in- 
teresting to note that when approaching Vth\ , a series of 
small current jumps are observed though the R-T curve 
of this particular sample in Fig. [IJc) is smooth suggest- 
ing the intermediacy of the M2 phase or inhomogeneous 
compression induced transient stabilization of multiple 
domains. 

It is clear from Fig. [3](a) that Vth\ 7^ Vthi and hys- 
teresis is seen suggesting possibly that the underlying 
mechanisms behind I— kM and M— kl transition could be 
different. These discontinuous I-V curves and hysteresis 
persists till we approach closer to T c when the transition 
becomes smoother. Before we discuss the implications of 
this observation, it is important to construct a map of the 
M— >I and I— kM transition in the Vth - T phase space for 
our nanowires. In Fig. and (c) the behavior of our 
samples is summarized in the form of a 2D color map of 
the I values in the Vf - T and Vj. - T planes respectively. 
Sharp transition points can be seen in the map as a sud- 
den change in color for T below ~ 250 K in both panels. 
The T dependence of these transition points is discussed 
below. 

In Fig. QJ we plot both the threshold voltages {Vth\ 
and Vthx ) as function of T. When driving from I— >M, 
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Figure 4: Vth — T plot for both driving directions. The solid 
line is the fitting curve for VrHt with the equation (VrHt oc 
exp( _T /T ) ). The dashed line is the fitting curve for Vthi 
with the equation {Vthi k \/T c — T). 

the T dependence of Vth^ has the exponential form 
(VrHt ex P( _T / T o))> as seen by the solid line in Fig. @] 
The insulator (Ml) in undoped VO2 is thought of as a 
Mott insulator with charge ordering that is likely caused 
by electron-phonon inter actons £ In a charge ordered sys- 
tem, an exponential T dependence of Vth-\ has often 
been found (Ref. 39.40) and our result indicates that 



the ^-driven I— >M transition in W X V\- X 02 nanowires 
follows the same T dependence. In the opposite driv- 
ing direction (M— the initial high current through the 
nanowire generates an increased heating. Assuming that 
the heat dissipation is entirely through Joule heating due 
to scattering of charge carriers in the metallic phase, then 
the T dependence of Vthi for the M— >I transition can 
be expressed as Vthi ^ VT C — T (Ref. l4lh , as shown by 
the dashed line in Fig. @] In other words, the availabil- 
ity of additional carrier concentration during the metal- 
insulator phase transition results in the observed asym- 
metry between the two transitions^ 

In summary, thermal and voltage driven MITs are ob- 
served in individual single-crystalline nanowires of W- 
doped VOi- By controlling the W composition, a tunable 
transition temperature (T c ) and thermal activation en- 
ergy (E a ) can be achieved in our nanowires. We also show 
that the T dependence of the threshold voltage (Vth) i n 
I-V measurements can be explained by charge ordering 
for the I— >M transition and Joule heating model for the 
M— >I transition. We thank Dr. Zeng's group for allowing 
us access to their PPMS system. This work is supported 
by the UB-SUNY's IRDF grant and NSF-DMR grants 
(0847169 and 0847324) 
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